Abstract. The present study aimed to explore the effects of n-3 polyunsaturated fatty acids (PUFAs) on autophagy and their potential for promoting locomotor recovery after spinal cord injury (SCI). Primary neurons were isolated and cultured. Sprague-Dawley rats were randomly divided into three groups and fed diets with different amounts of n-3 PUFAs. A model of spinal cord contusion was created at the T10 spinal segment and the composition of PUFAs was analyzed using gas chromatography. Spinal repair and motor function were evaluated postoperatively. Assessment of the effects of n-3 PUFAs on autophagy and mammalian target of rapamycin complex 1 (mTORC1) was performed using immunofluorescence staining and western blotting. In vitro, n-3 PUFAs inhibited mTORC1 and enhanced autophagy. The n-3 PUFA levels and the ratio of n-3 PUFA to n-6 PUFA in the spinal cord and serum of rats fed a high-n-3 PUFA diet were higher before and after operation (P<0.05). Additionally, rats in the high-n-3 PUFA group showed improved motor function recovery, spinal cord repair-related protein expression level (MBP, Galc and GFAP).
Introduction
Restoring normal physiological function after traumatic spinal cord injury (SCI) is difficult under conditions of oxygen and energy deprivation, due to the severely compromised energy metabolism in the injured spinal cord. Furthermore, new nerves cannot grow because of the limited regenerative ability of the central nervous system at the sites of injury, leading to a loss of sensorimotor function below the point of injury (1, 2) . Various measures to repair SCI have been developed; these can, to a certain extent, promote axonal regeneration and functional recovery, but there is still a long way to go to achieve complete repair (3) (4) (5) (6) (7) (8) .
Polyunsaturated fatty acids (PUFAs) are essential for mammals, but n-3 PUFAs cannot be synthesized by the human body and must be obtained from foods. Research has indicated that n-3 PUFAs are closely involved in the physiological activities of the nervous and immune systems, among others (9) (10) (11) (12) (13) . Investigations have revealed that n-3 PUFAs play an important role in regulating the mammalian target of rapamycin complex 1 (mTORC1) signaling pathway in the body (14) (15) (16) .
Autophagy is a highly conserved cell degradation process, which involves isolating part of the cytoplasm and organelles in a bilayer vesicle and delivering them to lysosomes for degradation, eventually recycling the large decomposed molecules; LC3-II is one of the markers of autophagy (17, 18) . Autophagy activity is widespread in injured spinal cords, and studies have shown that autophagy is significantly activated in the days just after SCI (19) (20) (21) (22) . Activation of autophagy can clear intracellular damaged proteins and protect against neuronal loss to promote recovery of motor function after SCI (23) (24) (25) . The role of autophagy in the experimental study of SCI is attracting more and more attention. mTOR is a highly-conserved serine/threonine protein kinase consisting of two different compounds in the body, mTORC1 and mTORC2. Through nutrient, energy and growth factor signaling pathways, mTORC1 regulates cell metabolism, growth, proliferation, survival and autophagy (26, 27) . Studies have shown that inhibiting mTORC1 can enhance autophagy and help repair injuries (13, (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) . It is known that the mTORC1 signaling pathway and autophagy activity are involved in the repair of articular cartilage and nervous tissues, playing a vital role in the recovery of damaged tissue (13, 15) , but its role in SCI remains unclear.
In this study, we created a rat SCI model and fed the rats with a diet high in n-3 PUFAs to enhance the content of n-3 PUFAs and the n-3/n-6 PUFA composition, and then explored whether n-3 PUFAs can regulate autophagy through the mTORC1 signaling pathway to promote repair of SCI.
Materials and methods
In vitro experiments. Primary Schwann cells were obtained from National Infrastructure of Cell Line Resource (RSC-96, 3111C0001CCC000664; Beijing, China) and cultured according to previously-published protocols (38) . mTORC1 is a signaling pathway sensitive to amino acids (aa). Removal and readdition of aa eliminates and stimulates mTORC1 activity, respectively. Thus, aa starvation was used in these experiments. Exogenous docosahexaenoic acid (DHA) and arachidonic acid (AA) were used as a representative n-3 PUFA and n-6 PUFA, respectively. Neuronal cells were starved of amino acids by culturing in Dulbecco's phosphate-buffered saline for 30 min. After this, either DHA (50 µM) or AA (50 µM) (both from Cayman Chemical Company, Ann Arbor, MI, USA) was added, cells were returned to culture for 30 min, then proteins were extracted and the activity of mTORC1 downstream protein p-S6 was analyzed to investigate the influence of PUFAs on mTORC1. To investigate expression of the autophagy-related protein LC3-II (Cell Signaling Technology, Inc., Danvers, MA, USA), cultures were treated in the same way but returned to culture for 3 h before proteins were extracted to study the influence of n-3 PUFAs on autophagy.
Animal groupings. Animal experiments were approved by the animal experimental ethics committee of Southern Medical University (GuangZhou, China) and all animals were purchased from the Laboratory Animal Centre at Southern Medical University. Adult Sprague-Dawley (SD) rats (90 female, weight: 200-250 g) were randomly divided into three groups: A normal diet group (CON) (n=30), a low n-3/n-6 diet group (Low), and a high n-3/n-6 diet group (High) ( Table I) .
SCI model. The three groups of rats were fed in separate cages for one week before operation, and continued on the same diet after model establishment. Rats were anesthetized with chloral hydrate (10% chloral hydrate, 40 mg/kg) and placed in the prone position. Laminectomy was performed at level T9-10 to expose the spinal cord. In the CON group, laminectomy was performed without SCI; in the other two groups, SCI was created by the modified Allen method at level T10, and paralysis of both hind legs was successfully achieved. The wound was then sterilized and closed. Rats received intraperitoneal injection of 5 ml saline for rehydration and daily administration of penicillin (100 mg/kg) for 3 days to prevent infection. Manual bladder expression was performed twice a day until re-establishment of the voiding reflex. All operations were performed by the same surgeon to reduce inter-operator variation.
Gas chromatography. Blood samples were collected from the caudal vein, and the rats were killed. A 2-cm long section of the spinal cord at the injured location was quickly removed before and 12 h after surgery (n=6). Fatty acids were extracted from serum and the spinal cord and the content was analyzed according to existing published methods (39, 40) . A Perkin-Elmer Clarus 500 chromatographic analyzer (PerkinElmer, Inc., Waltham, MA, USA) was used for gas chromatographic analysis. The fatty acid composition was identified by comparing the peak time to that of standard specimens (purchased from Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) by gas chromatography.
Behavioral assessment. Hindlimb motor function was assessed using the open-field Basso, Beattie and Bresnahan (BBB) locomotor scoring behavioral assessment system (41,42) with scores ranging from 0 to 21. Scoring was performed by two observers on the first postoperative day and then weekly up to 8 weeks.
Five rats were selected randomly from each group at week 8 after the operation, anesthetized and placed on a quiet desktop. The head of the electrodes was inserted into the scalp at the motor cortex and the end into the quadriceps muscle. The latency and amplitude of the motor-evoked potential were detected according to the manufacturer's instructions. Measurements were performed three times for each rat.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Spinal cords were harvested at 8 weeks after surgery, and RT-qPCR was performed to determine the relative mRNA levels of MBP, Galc, GFAP and TUBB3 in the spinal cords containing the lesion site (n=3). RNA was extracted using TRIzol and cDNA was synthesized using an RT Reagent kit (Takara Biotechnology Co., Ltd., Dalian, China) according to the manufacturer's instructions. The cDNA concentration was tested using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Inc., Wilmington, DE, USA) after reverse transcription. According to the instructions of the TaKaRa Perfect Real Time Reagent kit (Takara Biotechnology Co., Ltd.), qPCRs were performed in 0.2-ml thin-walled reaction tubes using an ABI Prism 7500 Sequence Detection System (Applied Biosystems; Thermo Fisher Scientific, Inc., Waltham, MA, USA). The sequences of the primers (Sangon, Shanghai, China) were listed in Table II. GAPDH was used as an endogenous control to normalize expression levels of the target genes between the different groups. Relative expression of the PCR products was determined using the ΔΔCq method.
Immunofluorescence analysis. Rats were deeply anesthetized with chloral hydrate 12 h after operation (n=3), and transcardiac perfusion was performed as previously described (43) . A 2-cm-long spinal cord segment centered on the injured area was removed and placed into 4% paraformaldehyde overnight, and then samples were cryoprotected in 30% sucrose buffer for cryosectioning. The spinal cords were sectioned into 5-µm-thick coronal sections with a cryostat and used for immunofluorescent staining. Each section was washed with phosphate-buffered saline (PBS) and treated with 0.1% Triton X-100 for 5 min. Sections were then blocked with 10% bovine serum albumin (BSA) for 1 h, then incubated with primary antibody at 4˚C overnight as follows: MBP (1:150), Galc (1:100), GFAP (1:100) (Cell Signaling Technology, Inc.). After washing with PBS for 1 h, sections were incubated with the appropriate fluorescent-labeled goat-anti rabbit secondary antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), and then examined under a fluorescence microscope (Nikon, Tokyo, Japan). Specimens were collected from rats killed at 12 h, 1 week and 2 weeks postoperatively and stained with LC3-II (1:50; Cell Signaling Technology, Inc.), and then observed under a fluorescence microscope (Nikon).
Western blotting. The fresh spinal cords of rats killed 2 weeks postoperatively (n=3) were pounded in a mortar to a powder and centrifuged at 14,000 x g for 15 min at 4˚C. The supernatant was then collected and boiled for 10 min at 100˚C. The appropriate amounts of proteins were loaded onto a 10% sodium dodecyl sulfate polyacrylamide gel and subjected to electrophoresis (SDS-PAGE), then electroblotted onto a polyvinylidene fluoride membrane. After blocking for 1 h at room temperature in a solution of 5% (w/v) skim milk in Tris-buffered saline containing 0.05% Tween-20, the membrane was incubated with antibodies against the mTOR-related proteins p-S6 (1:100), p-Akt (1:50), p-S6K (1:100), or 4EBP1 (1:100) (all from Cell Signaling Technology, Inc.) at 4˚C overnight, then incubated with the appropriate secondary goat anti-rabbit antibody (Bioworld, Dublin, OH, USA) after washing the membrane for 1 h at room temperature. Finally, after exposure and development, the blots were photographed and scanned for analysis.
Statistical analysis. All quantitative data are presented as mean ± standard error of the mean, and differences among groups were considered significant at P<0.05. Statistical analysis was performed by analysis of variance followed by Bonferroni's post-hoc test (multiple-comparison tests) among three groups, using the statistical analysis software SPSS 13.0 (SPSS, Inc., Chicago, IL, USA).
Results

PUFAs altered the activity of mTORC1 and the expression of autophagy-related genes in vitro.
When the same dose of DHA was added to neurons with decreased p-S6 induced by aa or AA, the p-S6 activities in both the groups decreased (Fig. 1A) . After adding the same dose of AA or DHA to the two groups starved of aa, the expression of autophagy protein LC3-II decreased or increased, respectively. The effect on LC3I was opposite to that of LC3-II and the effect on P62 was the same as that of LC3-II (Fig. 1B) . Addition of AA or DHA to the neurons provided with aa led to an increase or decrease Table I . Polyunsaturated fatty acid composition and content in the diets of experimental rats.
Type of fatty acids CON (g/kg diet) Low n-3/n-6 (g/kg diet) High n-3/n-6 (g/kg diet) Fatty acid values in the table are from gas chromatography-mass spectrometry (GC-MS). Rats in the CON group were fed normal rat chow. Table II . Sequences of polymerase chain reaction target genes.
in p-S6 activity, respectively; neurons given the same dose of DHA and AA simultaneously showed no significant change in p-S6 activity compared with those without treatment (Fig. 1C) .
Contents and composition of PUFAs in serum and spinal cord.
Gas chromatography was used to analyze the serum and spinal cord preoperatively and postoperatively to study the effects of a high-n-3 PUFA diet on the percentage of PUFAs. The results showed that, preoperatively, the content of n-3 PUFAs increased, while that of n-6 PUFAs decreased, significantly in both the spinal cord and serum of the group fed a high-n-3 PUFA diet compared with those fed a low-n-3 PUFA diet or the control group (P<0.05; Fig. 2A and B) ; the same result was observed postoperatively, (P<0.05; Fig. 2C and D) . The percentages of PUFAs in the serum and spinal cord of each group before operation were lower than those after operation, but the difference was not significant. In summary, a high-n-3/n-6 PUFA diet significantly increased both the n-3 PUFA content and n-3/n-6 PUFA ratio in the serum and spinal cord of rats in vivo.
Assessment of locomotor behavior. Complete paralysis of the hind legs after surgery and a BBB score of 0 indicated successful establishment of the SCI model. BBB scores revealed gradual restoration of movement of rats in each group by 8 weeks after surgery. Compared with the group fed a low-n-3 PUFA diet and the control group at each time-point, BBB scores of the rats in the high-n-3 PUFA diet group were higher, but the group that received n-3 PUFA lavage had much higher scores (P<0.05; Fig. 3A) . Rats in the high-n-3 PUFA diet group showed shorter latency times of motor evoked potential (5.3±0.32 msec) and higher amplitude (60.30±4.72 msec) than those in the low-n-3 PUFA diet group (6.19±0.42 and 33.19±4.49 msec, respectively) or the control group (9.51±0.39 and 31.61±4.22 msec, respectively), and all differences were statistically significant (P<0.05; Fig. 3B-D) . These results indicate that the high-n-3/n-6 PUFA diet was more effective in promoting functional recovery.
Changes in tissue repair related proteins and mRNA expression after operation. The results of immunofluorescence staining showed that all three groups had the same patterns of expression of MBP, Galc and GFAP at the injured sites: the high-n-3 PUFA diet group expressed the highest levels, followed by the low-n-3 PUFA diet group and finally the control group (Fig. 4A) ; the differences were statistically significant (P<0.05) (Fig. 4 B-D) . The results of RT-PCR were in agreement with immunofluorescent staining, showing the same trends, with statistically significant differences (P<0.05) (Fig. 5) . These results indicate that a diet high in n-3/n-6 PUFAs can significantly increase MBP, Galc, GFAP and TUBB3 mRNA expression in injured spinal cords.
A diet high in n-3PUFAs promoted autophagy. No significant difference in LC3-II expression was found among the three groups, as shown by the autophagy protein test performed 12 h postoperatively ( Fig. 6A and B) . However, expression of the LC3-II autophagy protein was significantly higher in the high-n-3 PUFA diet group at 1 and 2 weeks after operation compared to the low-n-3 PUFA diet group or the control group (P<0.05; Fig. 6A, C and D) . Thus, a high n-3/n-6 PUFA diet promoted LC3-II expression in the injured spinal cords.
A diet high in n-3 PUFAs inhibited activity of the mTORC1 signaling pathway. The high-n-3 PUFA diet group showed lower activities of p-Akt (S473), p-S6 (S235/S236), p-S6 (S240/S244), and p-S6K in the spinal cords at 2 weeks after surgery compared to the low-n-3 PUFA diet group or the control group (Fig. 7A) , and comparison of the density of the bands produced by western blotting showed that the difference was statistically significant (P<0.05; Fig. 7B ). There was no significant difference in the level of p-Akt (T308) in the spinal cord between the high-n-3 PUFA diet group and the other two groups (Fig. 7B) ; however, the high-n-3 PUFA diet group had significantly higher levels of 4EBP1 activity in the spinal cord compared with the other two groups (P<0.05; Fig. 7A and B) . Thus, a high n-3/n-6 PUFA diet could inhibit activity of the mTORC1 signaling pathway.
Discussion
In this study, we created a spinal cord contusion model in SD rats and fed them with a diet high in n-3 PUFAs to increase n-3 PUFA content as well as the n-3/n-6 PUFA composition; we investigated the effects of this change on recovery of SCI. As our results show, a diet high in n-3 PUFAs inhibited the mTORC1 signaling pathway, increased expression of autophagy proteins, provided energy for regeneration of the injured spinal cord and promoted the recovery of hind limb motor function. Recently, a series of studies has demonstrated that n-3 PUFAs play crucial roles in tissue repair mechanisms (44-46), so the study of the influence of n-3 PUFAs on physiological and pathological processes in the human body is very important (47) (48) (49) . Traditional oral administration can change the content of n-3 PUFAs and the proportions of n-3/n-6 PUFAs in the body; such administration has been used widely in the clinic and is much safer than transgenic technology (13, 15) . Consequently, we supplied rats with n-3 PUFAs in their diet to try to reproduce drug delivery in the clinic through the enteral route and thus provide reference data for future clinical studies.
Better understanding of the effect of n-3 PUFAs on the mTORC1 signaling pathway in tissue repair will help greatly in increasing understanding of the repair of SCI and provide information which could lead to better treatments. A recent study reported that a diet high in n-3 PUFAs reduced expression of p-S6 and p-S6K, suggesting an inhibitory effect of n-3 PUFAs on the mTORC1 pathway (50) . It has also been reported that both exogenous and endogenous n-3 PUFAs can target mTOR to inhibit the mTORC1/2 signaling pathway and the downstream proteins (51) . Our western blot results showed that expression of p-S6K, p-Akt, and 4-EBP1 in the injured spinal cord of rats fed a high-n-3 PUFA diet were significantly reduced by 8 weeks after injury, consistent with the above findings. As a result, we concluded that a diet high in n-3 PUFAs can inhibit activity of the mTOR signaling pathway in SCI. After SCI, the local blood supply, and hence the supply of energy needed for physiological and pathological activities, is damaged due to local vascular system damage and regeneration of the injured spinal cord is difficult. Many investigators have carried out preliminary research and found that autophagy is significantly activated in the days just after SCI in a contusion model, peaking within a week postoperatively and then decreasing to levels close to normal after 2 weeks (38, (52) (53) (54) (55) .
In this experiment, expression of autophagy markers showed a trend consistent with reports in the existing literature, and mTORC1 activity in the injured spinal cord of rats fed a high-n-3 PUFA diet was obviously reduced (Fig. 4) , while LC3-II protein expression was enhanced. Increased cell autophagy activity removes damaged tissue and provides a large amount of macromolecular material and energy for the repair of local injured tissue, thus promoting regeneration of the injured spinal cord and restoration of motor function after SCI in rats. ) and p-S6K were reduced significantly in the high-n-3 polyunsaturated fatty acid (PUFA) diet group, while the opposite effect was observed for P-Akt (T308).
* Comparison with the low-n-3 PUFA diet group and the control group, P<0.05.
In conclusion, this study demonstrates that a high-n-3 PUFA diet downregulates the activity of the mTORC1 signaling pathway, improves autophagy capability, and provides energy to promote repair of the injured spinal cord and restoration of motor function in a rat model of SCI. Thus, it can be seen that changes of n-3 PUFA content and n-3/n-6 PUFA ratio play an important role in motor function recovery of SCI rats. These results provide important reference data for the potential treatment of SCI by n-3 PUFAs.
